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Review Article
A multidisciplinary review of
triphalangeal thumb
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Peter J. van der Spek3,4, Christianne A. van Nieuwenhoven1,
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Abstract
Despite being a rare congenital limb anomaly, triphalangeal thumb is a subject of research in various sci-
entific fields, providing new insights in clinical research and evolutionary biology. The findings of triphalangeal
thumb can be predictive for other congenital anomalies as part of an underlying syndrome. Furthermore,
triphalangeal thumb is still being used as a model in molecular genetics to study gene regulation by long-
range regulatory elements. We present a review that summarizes a number of scientifically relevant topics
that involve the triphalangeal thumb phenotype. Future initiatives involving multidisciplinary teams collabor-
ating in the field of triphalangeal thumb research can lead to a better understanding of the pathogenesis and
molecular mechanisms of this condition as well as other congenital upper limb anomalies.
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Introduction
Triphalangeal thumb (TPT) is a congenital anomaly
in which the thumb consists of three instead of
two phalanges. Although TPT is relatively rare, it
has been the central focus of a number of scientific
disciplines in the past. Ever since the pathogenic
locus of TPT was identified as the ZPA-regulatory
sequence (ZRS), the long range control of the zone
of polarizing activity (ZPA), genetic and molecular
research on this regulatory element has expanded
tremendously. Finally, TPT and other limb anoma-
lies remain a popular model for studies by
developmental biologists, especially in long-range
gene regulation (Letelier et al., 2018; Lettice
et al., 2017).
A number of reviews in the past have separately
explored these research topics in which TPT is
involved (Hill and Lettice, 2013; Petit et al., 2017;
Qazi and Kassner, 1988). However, an overview that
encompasses the variety of disciplines involved in
TPT-research remains lacking. This review summar-
izes a range of relevant topics and underlines
the importance of a multidisciplinary approach for
both the clinical and scientific field in TPT
management.
Clinical aspects
Phenotype
TPT most frequently presents as an isolated congeni-
tal upper limb anomaly (Figure 1a). In our series of
187 hands within the local Dutch population, 38%
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thumbs were isolated TPT without any other congeni-
tal hand anomalies (unpublished data). In the
remaining cases (62%), other congenital limb anoma-
lies like radial polydactyly are also present (Figure
1b). TPT with radial polydactyly is strongly associated
with a positive family history when compared with
cases of isolated TPT (OR: 3.8, CI 95%: 2.0 to 7.4,
Supplementary Table 1 available online) (unpub-
lished data). Therefore, in contrast to an isolated
TPT that is observed in both sporadic and familial
cases, we would consider TPT with radial polydactyly
as predominantly an inherited disease.
Although isolated TPT and TPT with radial polydac-
tyly remain the twomostcommonly reportedTPT-phe-
notypes (Table 1), in recent years, however, we found
that the number of cases with more severe TPT-phe-
notypes with thumb triplication and anomalies on the
ulnar side has also increased. In addition, we have
found that even when family members of a large gen-
etic isolate share the same mutation, 71% of the
patients from the youngest generations demonstrated
more severe TPT-phenotypes than their ancestors
(Figure 1c) (Baas et al., 2017; Zuidam et al., 2008).
The observation in the Dutch population is
remarkable as it challenges the distinctions sug-
gested by Wieczorek et al. (2010). This article
suggested that point mutations in the ZRS which,
as mentioned, is a regulatory sequence of the ZPA
controlling digit patterning, only causes TPT (with
radial polydactyly) while genomic duplications
of the ZRS cause more severe phenotypes
like Triphalangeal Thumb-Polysyndactyly Syndrome
(TPT-PS) (Figure 1d), Haas-type Polysyndactyly and
Laurin-Sandrow Syndrome (LSS). Another problem
is the inconsistency of nomenclature when it comes
to phenotyping patients with anomalies; for example,
Sato et al. (2007) used the term syndactyly type IV, a
synonym of Haas-type polysyndactyly (OMIM:186200)
for a phenotype that clearly resembles LSS, with
patients exhibiting cup-shaped hands, polydactyly
and mirror-image duplications of the lower limb.
For consistent phenotyping, we propose the following
definition of these hand anomalies.
. TPT-PS: TPT with pre- and postaxial polydac-
tyly and syndactyly. A radial and ulnar
‘block’ of conjoined digits can be identified.
Syndactyly or polydactyly of the feet can also
be present.
. Haas-Type Synpolydactyly: complete syndactyly of
all digits with polydactyly. Syndactyly or polydac-
tyly of the feet can also be present.
Figure 1. Clinical and radiological images show phenotypic variation in TPT. (a) Patient with an isolated TPT. (b) TPT with
radial polydactyly. (c) TPT with radial polydactyly and ulnar syndactyly. (d) Triphalangeal thumb-polysyndactyly syndrome
(TPT-PS), with radial and ulnar polysyndactyly.
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. Laurin-Sandrow Syndrome: complete syndactyly
of all digits with polydactyly. Mirror-image dupli-
cations of the feet with tibia hypoplasia and dupli-
cation of the fibula can also be present.
Clinical assessment
Even though a supernumerary phalanx is the most
evident aberration in a radiograph, TPT is often
seen with other hypoplastic and absent structures;
tendons, ligaments, intrinsic musculature and osse-
ous fragments can all be abnormally formed in these
patients. These aberrations eventually result in
decreased thumb strength with TPT patients demon-
strating decreased grip strength (69%) and oppos-
ition strength (63%) as compared with the control
population (Zuidam et al., 2012).
Similar to children with TPT, adults who did not
undergo an operation continue to show decreased
thumb strength (77% grip strength and 62% oppos-
ition strength as compared with the control popula-
tion), although function remains good for daily
activities (visual analogue scale (VAS)-score for
function: 7.7 out of 10) (Zuidam et al., 2010). The
major concern in these patients, however, appears
to be the aesthetic appearance of TPT (VAS-score
for appearance: 2.2 out of 10).
The surgical procedure for correcting TPT
depends on the specific phenotype. Reconstruction
of a very hypoplastic TPT will not lead to satisfactory
results and requires a more advanced procedure like
pollicization of the second digit (Hovius et al., 2004).
For patients with stronger polydactylous types of
TPT, direct reconstruction of the thumb can improve
function and provides better aesthetic results. If the
only anomaly is an additional triangular phalanx,
removal of the supernumerary phalanx and ligament
reconstruction might suffice (Zuidam et al., 2016).
Alternatively, when a TPT patient has a full-grown
rectangular phalanx associated with lack of oppos-
ition, a more extensive procedure, such as a distal
phalangeal joint reduction and arthrodesis combined
with a rotation osteotomy and arthrodesis of the first
metacarpal may be required (Hovius et al., 2004).
Epidemiology
The prevalence of TPT varies widely in regions
around the world, with TPT-families mostly of
European or Asian descent. Goldfarb et al. (2017)
reported less than 10 patients with TPT in a series
of 653 patients with upper limb anomalies in the USA.
In contrast, studies from Sweden, Australia and the
Netherlands have shown much higher rates of TPT
(Ekblom et al., 2014; Tonkin et al., 2013; Vasluian
et al., 2013). The prevalence of TPT reported by
Lapidus et al. (1943) is still regularly used as a stand-
ard; he reported a low prevalence of three cases
among 75,000 military draftees in the USA. In con-
trast, our outpatient clinic has registered 130 cases
of TPT since 1972 and currently, an average of seven
patients with TPT visit our clinic annually. Therefore,
when taking the proportional volume of our out-
patient clinic into account, the nationwide prevalence
of TPT in the Netherlands can be estimated at around
1 in 16,000 live births (Vasluian et al., 2013).
Associated malformations and syndromes
TPT is predominantly present without any anomalies
other than in the limbs. However, several syndromes
have been associated with TPT and although these
are relatively rare, the presence of TPT can be pre-
dictive for the presence of other congenital
malformations.
CulaPhen (Congenital Upper Limb Anomaly
Phenotyping), an open-access software package
developed by our research group, enables us to
Table 1. List of point mutations in the ZRS.
Author Mutation Phenotype
Lettice et al. (2003) 105 C>G 1þ 2þ 3þ 4þ 5
Zhao et al. (2016) 105 C>G 2
VanderMeer. (2012) 287 C>A 3þ 4þ 5
Furniss et al. (2008) 295 T>C 1þ 2
Albuisson et al. (2011) 297 G>A 2
Lettice et al. (2003) 305 A> T 2
Lettice et al. (2003) 323 T>C 1
Albuisson et al. (2011) 334 T>G 2þ 3
Semerci et al. (2009) 396 C> T 2
VanderMeer et al. (2014) 402 C> T 1þ 2þ 3
Lettice et al. (2003) 404 G>A 2þ tibial hypoplasia
Cho et al. (2013) 404 G>A 2þ tibial hypoplasia
Wieczorek et al. (2010) 404 G>C 1þ tibial hypoplasia
Girisha et al. (2014) 404 G> T 2þRLDþ tibial
hypoplasia
Norbnop et al. (2014) 406 A>G 2þ tibial hypoplasia
Zhao et al. (2016) 406 A>G 2
Wu et al. (2016) 428 T>A 1þ 2
Farooq et al. (2010) 463 T>G 2
Al-Qattan et al. (2012) 619 C> T 1þ 2þRLD
Gurnett et al. (2007) 621 C>G 2þ 3
Gurnett et al. (2007) 739 A>G 1
Phenotypes are classified as: (1) isolated TPT; (2) TPTþ radial
polydactyly; (3) TPTþ radial polydactylyþ feet anomalies; (4)
TPTþ radial polydactylyþ ulnar poly(syn)dactyly; (5) TPTþ radial
polydactylyþ ulnar poly(syndactyly)þ feet anomalies.
RLD: radial longitudinal deficiency
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associate other congenital anomalies and syndromes
with limb anomalies in patients with TPT (Baas et al.,
2017). The associated congenital anomalies for each
syndrome are visualized in a heatmap (Figure 2) with
the strength of association between different groups
of congenital anomalies and a specific anomaly illu-
strated in a ratio from white to bright red. For exam-
ple, ZRS-associated upper limb anomalies are
associated with lower limb anomalies, while Holt-
Oram syndrome (OMIM:142900) is well known for
the association between limb and heart anomalies.
This heatmap shows that TPT can be differentiated
in two main groups: a polydactylous group in which
limb malformations are dominantly present
(ZRS-associated and GLI3-associated anomalies)
and a hypoplastic group, with different combinations
of congenital anomalies (for example in Fanconi
Anaemia and VACTERL). Notably, although GLI3 has
been associated with TPT by CulaPhen, none of the
patients with GLI3 mutations who have been exam-
ined in our outpatient clinic had TPT (unpublished
data). Therefore, using this information, we can
expect a low yield for detecting pathogenic variants
in GLI3 among patients with TPT.
The distinction between polydactylous and hypo-
plastic TPT can also be made using other
approaches. Ingenuity Pathway Analysis visualizes
the different molecular pathways for the origins of
these different syndromes (Kramer et al., 2014).
The pathway shows that the polydactylous group is
caused by specific developmental genes involved in
limb patterning, whereas in the hypoplastic group,
two major pathways are involved. The first pathway
has a role in cell growth and differentiation, with
malfunctioning genes within this pathway leading
to either overgrowth syndromes (like PIK3CA) or
hypoplasia (FGFR3); whereas the second involves
ribosomal protein subunits and manage translation
and breakdown of protein, with Diamond-Blackfan
Anaemia (OMIM:105650) as one of the syn-
dromes caused by a disruption in this pathway.
Furthermore, in the classification of genetic skeletal
disorders, ZRS and GLI3-associated diseases are
categorized under the ‘Polydactyly–syndactyly–
triphalangism group’ and the other syndromes are
categorized under the ‘Limb hypoplasia-reduction
defects’ group (Bonafe et al., 2015).
The final way of analysing associated syndromes
with TPT is through clinical observation and review.
From our own series of TPT patients, we discovered
that hypoplastic TPT is highly associated with mul-
tiple congenital malformations compared with
patients with a polydactylous type of TPT (OR: 14.4,
CI 95%: 4.7 to 44.4, Supplementary Table 2, available
online) (unpublished data). Furthermore, the surgical
treatment for both types of TPT differs as well. TPT
with polydactylous features can be reconstructed to
become a functioning thumb, but hypoplastic TPT
may preclude reconstruction and require more
advanced surgical interventions like pollicization of
the second digit (Hovius et al., 2004).
TPT as a dysregulation of normal thumb
development
The biphalangeal thumb is the last digit to form and
develops at the anterior or radial border of the hand-
plate. The thumb is strikingly different from the other
four digits and develops in a disparate molecular
environment (Oberg, 2014; Oberg et al., 2010)
(Figure 3). Sonic hedgehog (Shh) proteins emanating
from the ZPA generates a posterior diffusion gradient
across the handplate that regulates the development
of the other triphalangeal ulnar digits. Shh manifests
its action through the Gli3 transcription factor, which
is expressed throughout the handplate and in its
absence, Gli3 is processed into a repressive form,
Gli3r, inhibiting the targets of Shh (te Welscher
et al., 2002; Wang et al., 2000). The thumb domain
is considered Shh independent and therefore Gli3r
dependent (Harfe et al., 2004). In the homozygote
Gli3-deficient mouse mutant extra toes (Xt), the
handplate paddle expands and triphalangeal polydac-
tyly develops (Chen et al., 2004; Hui and Joyner,
1993), while in the heterozygote with reduced Gli3,
the limb paddle width continues to expand, resulting
in the radial polydactyly phenotype. Gli3r expression,
although reduced in these heterozygote mice, still
persists and thus the extra radial digits formed are
biphalangeal (Chen et al., 2004). The thumb domain
also lacks the expression of HoxD11-12 that are crit-
ical to the triphalangeal character of the ulnar digits
(Montavon et al., 2008). Therefore, if HoxD12 is over
expressed in the thumb domain, especially with
reduced Gli3, a TPT is formed (Chen et al., 2004).
Ectopic expression of Shh in the anterior or radial
aspect of the handplate, as occurs with many point
mutations of the limb specific SHH/ZPA regulatory
region (see below), would therefore be expected to
reduce or eliminate Gli3r expression and thus pro-
mote the formation of TPT.
Genetic aspects
In the early 1990s, it was discovered that large
families with limb anomalies like polydactyly and
TPT were highly suitable for the localization of
genes involved in limb development. The zone of
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Figure 2. Heatmap, generated by CulaPhen, visualizing the relation between TPT-associated syndromes and different
groups of congenital anomalies. The strength of association between each syndrome and each anomaly group is depicted
on a scale from white to bright red. ZRS and GLI3 associated anomalies predominantly result in a polydactylous phenotype
(a) and other syndromes are mainly seen with hypoplastic TPT phenotypes (b).
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polarizing activity (ZPA) regulatory sequence, other-
wise known as the ZRS, a limb-specific regulatory
element for SHH, has been the main focus for genetic
research in TPT-families. As mentioned, point muta-
tions in the ZRS cause TPT (with polydactyly),
whereas large duplications encompassing the ZRS
cause more severe phenotypes like TPT-PS and
Haas-type polysyndactyly.
Identification of the ZRS
Heutink et al. (1994) and Tsukurov et al. (1994) sim-
ultaneously published results of linkage studies in
two Dutch TPT-families to mutations in chromosome
7q36. Heus et al. (1999) additionally mapped chromo-
some 7q36 and narrowed the critical disease region
to 450 kb. Owing to the presence of a chromosomal
translocation with a breakpoint in intron 5 of LMBR1
in a patient with TPT with preaxial polydactyly (PPD)
and a 2 bp insertion in polydactylous mice at the
same location, intron 5 of LMBR1 was identified as
the critical location responsible for limb deformities
(Lettice et al., 2002). Previous studies suggested that
polydactyly in mice was caused by ectopic expression
of SHH in the anterior or radial limb bud (Riddle
et al., 1993; Sharpe et al., 1999). Therefore, the
authors hypothesized that a regulatory element in
intron 5 of LMBR1 is responsible for TPT/PPD by dis-
rupting expression of SHH, a gene that lies approxi-
mately 950 kb downstream.
The critical region of the ZRS was confined to a
size of 774 bp through comparative genomics
(Lettice et al., 2003). Further studies have shown
that point mutations in the ZRS cause ectopic SHH
expression in the anterior or radial part of the limb
bud, resulting in TPT and polydactyly in human, mice
and cats (Hill and Lettice, 2013; Lettice et al., 2003,
2008).
Point mutations
Since the identification of the ZRS, 19 different point
mutations have been described in TPT-families (Al-
Qattan et al., 2012; Albuisson et al., 2011; Cho et al.,
2013; Farooq et al., 2010; Furniss et al., 2008; Girisha
et al., 2014; Gurnett et al., 2007; Lettice et al., 2003;
Norbnop et al., 2014; Semerci et al., 2009;
VanderMeer et al., 2012; VanderMeer et al., 2014;
Wieczorek et al., 2010; Wu et al., 2016; Zhao et al.,
2016) (Table 1). These point mutations cause a wide
phenotypic spectrum of limb anomalies; some muta-
tions only result in mild presentations of TPT with
reduced penetrance (Albuisson et al., 2011; Farooq
et al., 2010; Furniss et al., 2008; Gurnett et al., 2007),
whereas complex anomalies like TPT accompanied
with tibial hypoplasia have been observed in families
with point mutations between positions 402 and 406
of the ZRS (Cho et al., 2013; Girisha et al., 2014;
Lettice et al., 2003; Norbnop et al., 2014;
VanderMeer et al., 2014; Wieczorek et al., 2010).
As TPT/PPD follows an autosomal-dominant trait
in affected families, most patients with TPT are het-
erozygous for these point mutations. Homozygosity of
ZRS mutations have been described in three cases
(Furniss et al., 2008; Semerci et al., 2009;
VanderMeer et al., 2014), with two of these homozy-
gous patients sharing a similar TPT/PPD phenotype
with their heterozygous family members. However,
Vandermeer et al. (2012) demonstrated that one
homozygous patient had a more severe phenotype
than heterozygous family members, suggesting the
presence of a dosage effect. As these three cases
Figure 3. Thumb and digit development. Key molecules that differentiate the thumb from the ulnar digits. Tbx5 is
involved in limb induction and forelimb patterning. Tbx5 persists in the thumb domain (murine embryonic Day 12 similar to
Carnegie Stage 16). Along the radioulnar axis Gli3r and Shh form counter gradients that define digit morphology.
Subsequently (murine embryonic Day 13 similar to Carnegie stage 18) HoxD10-12 transcription factors are expressed in
ulnar digits, but not the thumb domain. The far right panel lists the different genes expressed within biphalangeal
(2 phalanx) and triphalageal (3 phalanx) digits. The backgrounds reflect the suspected primary genes responsible – orange
(Gli3r) for the thumb domain and purple (Shh) for the ulnar digits. (Modified from Oberg et al. (2004) and Oberg, (2014)).
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have different observations and conclusions, the
presence of a dosage effect in point-mutations of
the ZRS remains uncertain.
Genomic duplications
Compared with point mutations in the ZRS, genomic
duplications overlapping the ZRS lead to more
severe phenotypes such as TPT-PS, Haas-Type
Polysyndactyly and Laurin-Sandrow Syndrome
(LSS). It has been suggested that duplications smal-
ler than 80 kb cause LSS and mutations larger than
80 kb result in TPT-PS and Haas-type polysyndactyly
(Lohan et al., 2014). Although the duplication size and
severity of the phenotype are clearly correlated,
these three phenotypes cannot be typed as single
entities as these different phenotypes are observed
in families with the same duplication size (Table 2).
Therefore, these three phenotypes should be viewed
in a gradual spectrum of phenotypic expression asso-
ciated with duplications of the ZRS rather than differ-
ent phenotypic entities caused by different sizes of
genomic duplications.
The mechanism by which duplications of the ZRS
occur and that result in severe TPT-phenotypes
remains unknown. One theory could be that genomic
duplications affect the dose sensitivity of regulatory
elements as shown in other loci like Indian Hedgehog
(IHH) (Will et al., 2017). Another known feature of
genomic duplications is their ability to rearrange
the three-dimensional chromatin architecture of
the genome (Franke et al., 2016). Considering the
severity of the phenotypes of TPT-PS, Haas-type
Polysyndactyly and LSS, the ability of genomic dupli-
cations to disrupt the boundary of the topological
associated domain (TAD) of SHH and LMBR1 can be
regarded as a valid hypothesis. These duplications
can disrupt the entire chromosomal architecture
and leads to difficulties in the folding of regulatory
elements towards SHH, which is required for appro-
priate gene regulation (Lupianez et al., 2016).
Beyond the ZRS?
The ZRS is the best known SHH enhancer as it has
been extensively used as a model for long-range
regulation of gene expression. However, several
other regulatory elements besides the ZRS are
known in the SHH-LMBR1 topological domain
(Anderson et al., 2014). These regulatory elements
do not regulate SHH-expression in the limbs, but
are responsible for expression in other structures
like the brain, pharynx or larynx (Sagai et al., 2009).
These enhancers can also drive SHH-expression at
the same time in a single tissue. Therefore, the ques-
tion arises if the ZRS is the only limb-specific enhan-
cer within this TAD. Petit et al. (2016) reported a large
family with TPT and hypertrichosis with a 2 kb dele-
tion in the gene desert between SHH and LMBR1,
possibly pointing to another element in this TAD
that might be involved. Furthermore, several studies
have associated mutations in the pZRS, a region
approximately 800 bp upstream from the ZRS, with
TPT in humans and dogs (Park et al., 2008; Xiang
et al., 2017). Recently, molecular research in trans-
genic mice showed that disruption of the pZRS
caused differential enhancer activity in the embryonic
limb, underlining the functional role of the pZRS in
limb development (Potuijt et al., 2018) (Table 3).
TPT families without mutations in the ZRS are of
major importance to unfold the entire regulatory
landscape of SHH in the limbs. Massive parallel
sequencing with a focus on the SHH-LMBR1 TAD is
a valid strategy to identify the pathogenic locus in
Table 2. List of genomic duplications encompassing the
ZRS.
Authors
Duplication
size Phenotype
Lohan et al. (2014) 16 kb LSS
Lohan et al. (2014) 47 kb LSS
Lohan et al. (2014) 75 kb LSS
Wieczorek et al.
(2010)
73 kb Haas type
Wu et al. (2009) 97 kb LSSþHaas type
Dai et al. (2013) 115 kb Haas type
Sun et al. (2008) 160 kb TPT-PS
Lohan et al. (2014) 179 kb Haas type
Lohan et al. (2014) 255 kb TPT-PS
Wieczorek et al.
(2010)
276 kb TPT-PSþHaas type
Liu et al. (2017) 290 kb TPTþ radial
polydactylyþ
cardiac
anomalies
Sun et al. (2008) 293 kb TPT-PSþHaas type
Sun et al. (2008) 334 kb TPT-PSþHaas type
Sun et al. (2008) 378 kb TPT-PS
Sun et al. (2008) 437 kb TPT-PSþHaas type
Xing et al. (2014) 442 kb TPT-PS
Sun et al. (2008) 459 kb TPT-PS
Klopocki et al. (2008) 589 kb TPT-PS
Wang et al. (2016) ? TPTþ radial
polydactyly
Furniss et al. (2009) ? (Triplication) Haas type
The phenotypes are categorized as Laurin-Sandrow Syndrome
(LSS), Haas-type Polysyndactyly and Triphalangeal Thumb-
Polysyndactyly Syndrome (TPT-PS).
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these TPT-families and could point to new limb-spe-
cific regulatory elements in this TAD.
Summary
The multidisciplinary approach of TPT affirms the
relevance of this congenital anomaly in scientific
research. Clinically, research on the best techniques
used in TPT continues, focusing on the measure of
pre- and postoperative thumb function, in combin-
ation with patient-reported outcomes in order to
achieve better functional and aesthetic outcomes. In
addition, the phenotype of TPT not only determines
choice of treatment, but also aids the clinician in gen-
etic counselling. TPT accompanied with PPD is highly
associated with a positive family history. Important
information can be obtained during clinical examin-
ation that advocates for additional clinical work-up.
In case of a polydactylous TPT, usually no other con-
genital malformations are present. Patients with a
hypoplastic type of TPT, however, should be con-
sidered for further clinical work-up.
For genetic work-up of a polydactylous TPT
phenotype, the ZRS and pZRS are currently the can-
didate loci to be examined. As hypoplastic TPT is
associated with a variety of syndromes, next-genera-
tion sequencing techniques are valid options to iden-
tify the disease-causing mutation in these patients.
The cause of the large phenotypic variability in ZRS
mutations and duplications is yet to be unravelled in
the genetic and developmental field. Both the intra-
familial and interfamilial variability in affected
families hypothesize that subtle variations in the
location, timing and levels of SHH expression can
result in a variety of phenotypes. The mechanism
that drives these slight phenotypic variations, how-
ever, is not well understood. As it has been demon-
strated that non-coding elements occupy an
essential role in embryonic development, future ini-
tiatives with either a biological, molecular approach
or a clinical genetic approach can lead to the
identification of new limb-specific non-coding elem-
ents in the SHH-LMBR1 topological domain.
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